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1
3D CROSS-BAR NONVOLATILE MEMORY

BACKGROUND

Nonvolatile memory 1s often used in various devices,
such as computers. Nonvolatile memory 1s a type of memory
storage that can retain data even while 1t 1s not powered on.
Nonvolatile memory may be electrically addressed.
Examples of electrically addressed nonvolatile memory
include flash memory, electrically programmable read-only
memory (EPROM), and electrically erasable programmable
read-only memory (EEPROM). Functionality of nonvolatile
memory includes having information programmed 1into it,
having information read from it, and/or having information
erased from 1it.

Nonvolatile memory circuits often include electrical com-
ponents such as, for example, diodes, capacitors, and resis-
tors, each of which may be combined with transistors to
form an electrical circuit.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the common practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarty of
illustration and discussion.

FIG. 1 1s an 1sometric view of a junctionless transistor
structure, 1n accordance with some embodiments.

FIG. 2 1s a cross-sectional view ol a n-type silicon
junctionless transistor, in accordance with this disclosure.

FIG. 3 1s a cross-sectional view ol a p-type silicon
junctionless transistor, i accordance with some embodi-
ments.

FIGS. 4A-4C illustrate exemplary operational states of an
N-type junctionless transistor, in accordance with some
embodiments.

FIGS. SA-5C are cross-sectional views of various fabri-
cation steps of forming a n-type junctionless transistor, in
accordance with some embodiments.

FIGS. SD-5F are isometric views of various fabrication
steps ol forming a n-type junctionless transistor, in accor-
dance with some embodiments.

FIG. 6 1s an 1sometric view of a p-type junctionless
transistor structure, in accordance with some embodiments.

FIG. 7 1s a top view of a nonvolatile memory array, in
accordance with some embodiments.

FIGS. 8A-8F are cross-sectional views 1llustrating exem-
plary structures at intermediate stages of fabrication a 3D
cross-bar nonvolatile memory array, in accordance with
some embodiments.

FIG. 9 15 a flow diagram 1illustrating a method, according
to some embodiments.

DETAILED DESCRIPTION

The {following disclosure provides many diflerent
embodiments, or examples, for implementing different fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over a second feature in the
description that follows may include embodiments 1n which
the first and second features are formed 1n direct contact, and
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2

may also include embodiments 1n which additional features
are disposed between the first and second features, such that
the first and second features are not in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters 1n the various examples. This repetition
does not 1n itself dictate a relationship between the various
embodiments and/or configurations discussed.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device 1in
use or operation 1n addition to the orientation depicted 1n the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

The acronym “FET,” as used herein, refers to a field effect
transistor. A very common type of FET 1s referred to as a
metal oxide semiconductor field effect transistor (MOS-
FET). Historically, MOSFETs have been planar structures
built 1n and on the planar surface of a substrate such as a
semiconductor wafer. But recent advances in semiconductor
manufacturing have resulted 1n the use vertical structures.

The terms “S/D” and “source and drain” when used in the
context of a MOSFET refer to the source and drain junctions
that form two of the four terminals of a FET.

The terms “S/D” and “source and drain” when used in the

context of a junctionless FET refer to the source and drain
terminals that form two of the three terminals of a junction-
less FET 1n accordance with some embodiments.
The term “qunctionless transistor” refers to a transistor
architecture having a first S/D termunal, a second S/D
terminal, and a channel disposed between the first and
second S/D terminals. The junctionless transistor’s channel
has a high doping concentration and 1s of the same conduc-
tivity type as the first and second S/D terminals. Junctionless
transistor 1s referred to herein as a “JLFET.” In some
embodiments, ultra-high doping 1s a doping concentration
greater than or equal to 5x10'® atoms/cm®. A JLFET is
referred to an n-type JLFET when 1ts first and second S/D
terminals and channel are all n-type. Likewise, a JLFET 1s
referred to as a p-type JLFET when 1ts first and second S/D
terminals, and channel are all p-type. JLFETs further include
a gate electrode disposed over the channel and separated
therefrom by a gate dielectric.

The expression “crystalline layer” herein refers to a layer
or structure of single crystal material. Likewise, the expres-
s1on “epitaxially-grown” herein refers to a layer or structure
of single crystal material. Epitaxially-grown material may
be doped or undoped.

The term “‘vertical,” as used herein, means nominally
perpendicular to the surface of a substrate.

Various embodiments in accordance with this disclosure
provide methods of making an integrated circuit having a 3D
cross-bar nonvolatile memory. Methods 1n accordance with
some embodiments 1ncorporate crystalline JLFETSs into the
3D cross-bar nonvolatile memory within a relatively low
thermal budget. Specifically, a layer of doped crystalline
semiconductor material 1s transferred from a seed wafer to
form the source, drain, and connecting channel of a JLFET.
Other methods of making 3D nonvolatile memory use of a
high-temperature annealing step to crystallize doped source
and drain regions after the doping process. The conventional
annealing process 1s either a solid-phase crystallization
anneal for a few hours at 600° C., or a short anneal for a few
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nanoseconds at high temperature (e.g., 1,100° C.). These
processes require a high thermal budget. One benefit of
using transierred doped crystalline layers to form JLFETS 1s
that an annealing process can either be performed on the
JLFET structure prior to transferring on to the substrate, or
be eliminated by directly incorporating doped crystalline
semiconductor layers mto the JLFET structure.

Before describing the embodiments related to the design
and fabrication of 3D monolithic cross-bar nonvolatile
memory structures, an embodiment operation process for a
JLFET 1s presented.

FI1G. 1 1llustrates an 1sometric view of a JLFET 1 accord-
ing to the disclosure. A semiconductor nanowire structure,
for example a nanowire, fin, or nanoribbon, forms a source
104, a drain 104 ,, and a channel (covered by gate dielectric
and not visible 1n FIG. 1) partially surrounded by a gate
clectrode 108. Source 104 . and drain 104,, are portions of
the semiconductor nanowire that are not surrounded by gate
clectrode 108. A gate dielectric 106 1s disposed between gate
clectrode 108 and the channel. Therefore the channel is
covered by gate electrode 108 and gate dielectric 106, and
1s not visible 1n FIG. 1.

In a conventional MOSFET the S/D junctions are self-
aligned to the gate structure. In a similar way, the S/D

terminals of a JLFET are self-aligned to the gate structure of
the JLFET.

FIG. 2 shows an embodiment of n-type JLFET. A first
source/drain terminal 204, a channel 204, and a second
source/drain terminal 204,, are patterned from an n-type
crystalline silicon semiconductor material. Gate electrode
208 1s p-doped polysilicon. A gate dielectric 206 1s disposed
between gate electrode 208 and channel 204 ...

FIG. 3 shows an embodiment of p-type JLFET. A first
source/drain terminal 304, a channel 304, and a second
source/drain terminal 304,, are patterned from a p-type
crystalline silicon semiconductor material. Gate electrode
308 1s n-type polysilicon. A gate dielectric 306 1s disposed
between gate electrode 308 and channel 304 -

FIGS. 4A-4C are a number of views illustrating a sample
operation of an n-type JLFET 1n accordance with some
embodiments. The operation of the device (example of an
n-type device) with various gate voltages V (A)<V o(B)
<V 4(C) 15 as follows:

As shown 1n FIG. 4A, for a low gate voltage, for example
0V, channel region 204 ~ under gate electrode 208 1s depleted
of carriers and no current can flow between source 204 and
drain 204,,. The device 1s effectively in an OFF state.

As shown in FIG. 4B, for a higher gate voltage, for
example 0.4V, channel region 204¢ under gate electrode 208
1s partially depleted of carriers and some current can tlow
between source 204, and drain 204 ,,.

As shown 1n FIG. 4C, for a still higher gate voltage, for
example 1V, the region under gate electrode 208 1s no longer
depleted of carriers and can tlow between source 204 . and
drain 204 . The device 1s an ON state.

It will be appreciated that current can be further increased
if the gate voltage 1s increased beyond V (C) through an
increase of the electron concentration in the region under-
neath the gate.

FIGS. SA-SF provide various views ol a semiconductor
device that includes JLFETs during various stages of fabri-
cation. The fabrication process provided here 1s exemplary,
and many other steps may be performed that are not shown
in these figures.

As 1llustrated 1n FIG. SA, the fabrication process starts
with a seed watfer 500 and a device water 510. Water 500

includes a first substrate 302 and a crystalline semiconductor
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4

layer 504'. Water 500 may also include other suitable layers,
such as other dielectric layers or implanted layers. The other
suitable layers may be placed between {irst substrate 502 and
crystalline semiconductor layer 504', or embedded within
first substrate 502. First substrate 502 1s used as a seed wafer
for mechanically supporting crystalline semiconductor layer
504', and may comprise any suitable material, for example,
silicon. In some embodiments, crystalline semiconductor
layer 504' 15 a silicon-based material. For example, crystal-
line semiconductor layer 504' 1s comprised of crystalline
silicon and may be of various different crystal orientations,
¢.g., having a (100), (110), or (111) crystal orientation. In an
embodiment, crystalline semiconductor layer 504' 1s directly
formed over first substrate 502 through an epitaxial growth
process. For example, crystalline semiconductor layer 504'
may be epitaxially grown silicon or silicon germanium. In
another embodiment, the crystalline structure of crystalline
semiconductor layer 504' 1s obtained through a solid-phase
epitaxial (SPE) regrowth method. In another embodiment,
the crystalline structure of crystalline semiconductor layer
504' 1s obtained through 10n implantation and annealing, or
any other doping techmique. The top surface of crystalline
semiconductor layer 304' may be covered by an oxide layer,
such as silicon dioxide layer (not shown 1n the figures).

In an embodiment, crystalline semiconductor layer 504’ 1s
a doped semiconductor layer. Crystalline semiconductor
layer 504' can be an n-type doped silicon layer that 1s doped
with phosphorus (S1:P) or with both phosphorus and carbon
(S1:CP). Carbon could impede the out-diffusion of phospho-
rus from silicon-based material. In some embodiments,
crystalline semiconductor layer 504' can be an n-type doped
silicon layer that 1s doped with arsenic. Other types of
dopants may also be included. In some embodiments, the
phosphorus dopant concentration 1s 1n a range from about
5x10'® atoms/cm® to about 5x10'” atoms/cm’. In some
embodiments, the carbon dopant concentration 1s 1n a range
from about 0% to about 5% (atomic percent). Crystalline
semiconductor layer 504' may also be a p-type heavily-
doped silicon layer. For example, crystalline semiconductor
layer 504' may be heavily doped with boron. Other types of
dopants for forming p-type doped silicon layer may also be
included, for example, gallium or imndium. Ion implantation
has been used as a doping process for many technology
nodes. Embodiments 1n accordance with the present disclo-
sure are not limited to 10n implantation as the doping process
for crystalline semiconductor layer 504'. An annealing pro-
cess may be performed subsequent to the doping process.

Device water 510 includes a second substrate 512 and an
isolation layer 514. Second substrate 512 may be a silicon
substrate. Alternatively, second substrate 512 may comprise
another elementary semiconductor material, such as germa-
nium; a compound semiconductor including silicon carbide,
gallium arsenide, galllum phosphide, indium phosphide,
indium arsenide, and/or indium antimonide; an alloy semi-
conductor including S1Ge, GaAsP, AlinAs, AlGaAs, Gal-
nAs, GalnP, and/or GalnAsP; or combinations thereof. Sec-
ond substrate 512 may also be an n-type or p-type doped
silicon layer. The second substrate may be a processed
integrated circuit waler containing e.g., a plurality of tran-
sistors configured to be CMOS circuits. These circuits may
include logic, analog, RF (radio-frequency) parts made out
ol a variety of transistors, capacitors, resistors and intercon-
nections. Isolation layer 514 may be an inter-layer dielectric
(ILD )/ iter-metallization dielectric (IMD) layer. Isolation
layer 514 comprises, for example, a dielectric material, such
as phosphosilicate glass (PSG), borophosphosilicate glass
(BPSG), FSG, S10xCy, Spin-On-Glass, Spin-On-Polymers,
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silicon carbon material, compounds thereof, composites
thereot, combinations thereof, or the like, by any suitable
method known 1n the art, such as spinning, chemical vapor
deposition (CVD), and plasma-enhanced CVD (PECVD). It
should also be noted that 1solation layer 514 may comprise
a plurality of dielectric layers that are embedded with
metallic interconnects, such as copper interconnects and
tungsten, cobalt or titantum nitride vias.

Device waler 510 may also include a logic circuit, a
CMOS circuit, an analog-to-digital converter, a data pro-
cessing circuit, a memory circuit, a bias circuit, a reference
circuit, and the like.

FIG. 5B illustrates a bonding process performed to bond
seced water 500 and device water 510. With crystalline
semiconductor layer 504' from seed water 300 and 1solation
layer 514 from device water 510 facing each other, seed
waler 500 and device waler 510 are bonded using, for
example, a direct bonding process such as dielectric-to-
dielectric bonding (e.g., oxide-to-oxide bonding), metal-to-
dielectric bonding (e.g., oxide-to-copper bonding), any com-
binations thereof and/or the like. The bonding occurs
between the top surface of seed water 500, 1.¢., the surface
of crystalline semiconductor layer 504, to the top surface of
device water 510, 1.e., the surface of 1solation layer 514.
Prior to bonding, the surfaces of the waters to be bonded are
cleaned to remove any residual liquids or particles from the
waler surfaces. The bonding process forms a wafer assembly
520.

The bonding may be at waler level, wherein seed water
500 and device water 510 are bonded together, and are then
separated. Alternatively, the bonding may be performed at
the die-to-die level, or the die-to-water level.

Referring to FIG. 5C, a thinning process 1s performed to
remove first substrate 502 from waler assembly 520. The
thinning process 1s 1mplemented by using suitable tech-
niques such as grinding and chemical-mechanical polishing,
(CMP). Besides thinning process, bonding and separation
processes are also required. As a result of the thinming
process, first substrate 502 1s removed or detached and
crystalline semiconductor layer 504' 1s exposed.

Crystalline semiconductor layer 504' 1s further processed
to form nanowires, {ins, or nanoribbons (hereinafter referred
to as “nanowires™). 504. Nanowires 504 are used as the
source/drain and channel regions of JLFETs. The nanowires
are photolithographically patterned from crystalline semi-
conductor layer 504" using well-known process operations
including, but not limited to, forming and patterning a resist
layer, etching the exposed portions, and stripping the pat-
terned resist. Although FIG. 5C shows nanowires 504 to
have a rectangular cross-sectional area, nanowires 504 can
be formed into any suitable shapes.

Referring to FIGS. SD-5F, 1sometric views of various
intermediate structures that result from an embodiment
process ol making an n-type JLFET are shown. An n-type
JLFET can be fabricated using the previously described
waler assembly 520. In this exemplary embodiment,
nanowires 304 are doped n-type crystalline silicon material,
1solation layer 514 comprises an ILD layer embedded with
copper interconnects, and second substrate 512 comprises
doped p-type silicon material. Second substrate 512 and
isolation layer 514 may include a logic circuit, a CMOS
circuit, an analog-to-digital converter, a data processing
circuit, a memory circuit, a memory control circuit, a bias
circuit, a reference circuit, and the like. In some embodi-
ments waler assembly 520 includes an insulator layer posi-
tioned at the iterface between nanowires 504 and 1solation

layer 514 (not shown in FIGS. 5D-3SF).
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In FIG. 5E, a gate dielectric layer 206' 1s formed around
at least a portion of nanowire 504. In an embodiment, gate
dielectric layer 206' 1s 1mitially deposited on the exposed
surfaces of nanowire 504 and isolation layer 514. For a
charge-trapping nonvolatile memory array, gate dielectric
layer 206' 1s a stack of materials such as, but not limited to,
oxide-nitride-oxide (ONQO). ONO stack 1s reliable over
silicon surfaces, and 1s typically used as a capacitor insula-
tor. ONO stack can be formed by thermally oxidizing a
silicon surface to form an ultra-thin bottom oxide layer,
depositing an LPCVD silicon nitride layer, and oxidizing the
silicon nitride layer to form a top oxide layer. Other mate-
rials, such as NO, Ta,O., Ti0O,, lead zirconate titanate
(PZT), or bartum strontium (BST) can be used as the gate
dielectric layer 206'.

As 1llustrated 1n FIG. SE, one or more gate electrodes 208
are formed around a portion of gate dielectric layer 206' to
form n-type JLFETs. The portions of gate dielectric layer
206' that are i contact with gate electrodes 208 form a
plurality of gate dielectrics 206 which are not visible in FIG.
6 since they are covered by gate electrodes 208. Gate
dielectric 206 and gate electrodes 208 together comprise
gate regions that are configured to control conductivity of
the channel regions connecting the source/drain regions.
Gate electrode 208 may be formed from any suitable metal
or electrically conductive matenal, for example, TiN, Pt, Ni,
silicide, doped p-type silicon material, or other matenal/
combinations thereol. Gate electrode 208 may be formed
using a litho-etch gate-first process or a damascene process.
In an embodiment, gate dielectric layer 206' can be further
processed to remain only under gate electrodes 208, such
that the source/drain areas would be exposed for further
processing. The n-type JLFET thus includes source/drain
regions, channel region, and gate region including gate
dielectric 206 and gate electrode 208. FIG. SF shows a
plurality of JLFETs connected in series with each of the
plurality of JLFETs having a pair of S/D terminals.

In FIG. 6, a p-type JLFET 1s formed using a similar
process as described with respect to FIGS. 5A-5F. In this
exemplary embodiment, nanowires 504 are heavily doped
with p-type dopants, such as boron, galllum or indium.
Second substrate 512 may also be a silicon layer that 1s
doped with n-type, p-type, or H-type dopants. Second sub-
strate 512 may also be an un-doped silicon layer. Further,
second substrate 512 may be a processed integrated circuit
waler containing e.g., CMOS circuits. These circuits may
include logic, analog, RF (radio-frequency) parts made out
ol a variety of transistors, capacitors, resistors and intercon-
nections. The p-type JLFET may thus include source/drain
regions, channel region, and gate regions having gate dielec-
tric 306 and gate electrode 308. Since gate dielectric 306 1s
covered by gate electrode 308, only gate dielectric layer 306

1s visible i FIG. 6.

The JLFETs described above with respect to FIGS. 1-6
may be used to form a variety of structures, such as but not
limited to, 3D nonvolatile memory arrays, described below
with respect to FIGS. 7-8F.

FIG. 7 shows a top view of a nonvolatile charge-trapping
memory array 700 that includes JLFETs. In this exemplary
embodiment, nanowires 504 and electrodes 108 are used as
bit lines and word lines, respectively, to form nonvolatile
memory arrays having a cross-bar architecture. As a result,
memory cells of nonvolatile memory 700 are located at the
intersections of word lines and bit lines, allowing the cells
to be addressed individually. Gate dielectrics 106 (not shown
in FIG. 7) are also formed at each JLFET. Gate dielectrics
106 may be a suitable charge-trapping stack of materials,
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such as oxide-mitride-oxide (ONOQO). Nonvolatile memory
array 700 may be formed on device water 510 (not shown
in FIG. 7) as explained in detail below.

FIG. 8A depicts a cross-sectional view taken along cut
702 of FIG. 7, of an embodiment device water 510 prior to
the transier of crystalline semiconductor layer 504'. As
explained above with reference to FIG. 5A, device wafer
510 may include one or more devices or features formed
therein and/or thereon. An example of such one or more
devices or features i1s illustrated in FIG. 8A, which includes
metallic mterconnects 803 and transistors 8035 formed in
second substrate 512 and 1solation layer 514. There may be
multiple 1solation layers 514" embedded with interconnects
803 and transistors 805. The metallic interconnects 803,
such as copper vias, provide electrical connections for
various portions of device wafler 510. In an exemplary
embodiment, 1solation layer 514 may be an ILD layer
embedded with copper vias.

FIG. 8B 1s a cross-sectional view taken along cut 702 of
FIG. 7 showing device waler 510 with a transferred crys-
talline semiconductor layer 504' formed on the top surface.
As described above with reference to FIGS. 5A-5C, crys-
talline semiconductor layer 504' may be transferred from a
seed water 500 through a suitable water bonding method.
For example, a direct bonding process, a metal-to-dielectric
bonding process, any combinations thereof and/or the like.
Crystalline semiconductor layer 504' 1s doped with the
desired dopant type and concentration for making n-type or
p-type JLFETs prior to the transierring process.

FI1G. 8C, shows crystalline semiconductor layer 504" after
it has been further processed to form nanowires 504. As
shown 1 FIG. 8C, a plurality of nanowires 504 are formed
on 1solation layer 514. Nanowires 504 are used as the source,
drain and channel regions of JLFETs. Nanowires 504 are
patterned from crystalline semiconductor layer 504" using,
suitable processes including photolithography and etch pro-
cesses. The plurality of nanowires 504 are used as bit lines
of 3D nonvolatile memory array 700.

In FIG. 8D, similar to the processes described above with
reference to FIG. 5F, gate regions, including gate dielectrics
106 (not shown) and gate electrodes 108, are formed over
the plurality of nanowires 504. As shown 1n FIGS. 7 and 8D,
cach gate electrode 108 can be used to control a correspond-
ing JLFET. In this exemplary embodiment, each JLFET
functions as a nonvolatile memory cell. A second 1solation
layer 804 1s shown formed over the plurality of JLFETs. In
turther embodiments, second 1solation layer 804 provides a
surface for stacking additional memory arrays. Similar to
isolation layer 514, second 1solation layer 804 may be an
ILD layer formed of a low-k dielectric material by any
suitable method known 1n the art, such as spin-on, CVD, and
PECVD. Second 1solation layer 804 may similarly include a
plurality of dielectric layers embedded with metallic inter-
connects.

In FIG. 8E, word line mterconnects 803 ;. connecting gate
clectrodes 108 and metallic interconnects 803 are formed 1n
1solation layer 514 and second i1solation layer 804, providing
vertical electrical connections between nonvolatile memory
array 700 and transistors 805 in device water 510. This 3D
cross-bar architecture creates a structure with higher storage
density and smaller device footprint than 2.5 gigabits per
square millimeter. Word line interconnects 803, may be
metallic interconnects, such as conductive vias or conduc-
tive wires, and may also be a multilayer interconnection
(MLI) including vertical and horizontal interconnects, such
as conventional vias or contacts, and horizontal intercon-
nects, such as metal lines. The MLI structure may include
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conductive lines, conductive vias, and/or interposing dielec-
tric layers (e.g., interlayer dielectric (ILD)). The MLI struc-
ture also provides electrical connection to and between the
transistors. The conductive lines in various levels may
comprise copper, aluminum, tungsten, tantalum, titanium,
nickel, cobalt, metal silicide, metal nitride, polysilicon,
combinations thereof, and/or other maternials possibly
including one or more layers or linings. The linings include
adhesion layer, barrier layer, etch stop layer, and anti-
reflective coatings. The interposing or inter-layer dielectric
layers (e.g., ILD layer(s)) may comprise silicon dioxide,
fluorinated silicon glass (FSG), or at least one low-k dielec-
tric material. The MLI may be formed by suitable processes
typical in CMOS fabrication such as, but not limited to,
CVD, PVD, ALD, plating, spin-on coating, and/or other
processes. In one example, a damascene process 1s used to
form a copper multilayer interconnection structure. In an
exemplary damascene process, an opening 1s formed in a
dielectric layer, which separates the vertically spaced met-
allization layers. The opening 1s typically formed using
conventional lithographic and etching techniques. After for-
mation, the opening is filled with titamium nitride, tungsten
or other metals, metal alloys, or stacks of metals and/or
metal alloys to form a via. Excess metal material on the
surface of the dielectric layer 1s then removed by chemical
mechanical polishing (CMP). Copper or conductive material
forms interconnect lines connected to the vias.

FIG. 8F 1s a cross-sectional view of the exemplary non-
volatile memory array 700 and device water 510 taken along
cut 704 of FIG. 7 after the formation of bit line interconnects
803 .. Bit line interconnects 803 5 also provide vertical elec-
trical connections between nonvolatile memory array 700
and transistors 805 1n device water 510. Bit-line intercon-
nects 803, may also be metallic interconnects, such as but
not limited to tungsten vias or conductive wires. Various
layers of bit line imterconnects 803, can be used to connect
the various features described above. Bit line iterconnects
803, may also be a multilayer interconnection including
vertical and horizontal interconnects, such as conventional
vias or contacts, and horizontal interconnects, such as metal
lines. In one example, a damascene process 1s used to form
copper-based multilayer interconnection structures.

FIG. 9 1s a flow diagram of an 1llustrative method 900 of
forming 3D cross-bar nonvolatile memory array using crys-
talline JLFETs. Other operations may be performed between
the various operations of method 900.

Method 900 begins with operation 902, providing a
substrate having one or more devices or features formed
therein or thereon. The substrate may comprise multiple
layers, for example, an ILD layer, a dielectric layer, or an
implanted layer, and may have devices or electrical inter-
connects embedded therein. In some embodiments the sub-
strate 15 a bulk S1 wafer having one or more devices or
features formed therein or thereon.

Method 900 continues with operation 904, transferring a
semiconductor layer to the substrate, where the semicon-
ductor layer 1s a doped crystalline semiconductor layer. The
crystalline semiconductor layer may be a portion of a seed
waler or attached to a seed layer. The crystalline semicon-
ductor layer 1s doped, prior to the transierring process, with
a desired dopant type and a concentration appropriate for
n-type or p-type JLFETs. The transferring process may start
with bonding the semiconductor layer to the substrate. A
direct bonding process, a metal-to-dielectric bonding pro-
cess, and any combinations thereof and/or the like may be
used. If the semiconductor layer i1s attached to a seed layer
or 1s a portion of a seed waler, the transferring process may
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continue with removing the seed layer or the remainder of
the seed water. The removal process may be implemented by
using suitable techniques such as grinding, chemical-me-
chanical polishing (CMP), a Smart Cut™ procedure, an
ELTRAN® procedure, and/or chemical etching. As a result
of the thinning process, the seed layer or the remainder of
seed waler 1s removed and crystalline semiconductor layer
1s transferred to the substrate and exposed for subsequent
processing.

Method 900 continues with operation 906, forming
nanowires from the doped crystalline semiconductor layer.
The nanowires are subsequently used as the source/drain
terminals and channel regions JLFETs. Nanowires can be
tabricated from the crystalline semiconductor layer using
suitable processes including photolithography and etch pro-
cesses. Nanowires may be patterned 1nto any suitable
shapes.

Method 900 continues with operation 908, forming a gate
dielectric layer and gate electrodes around portions of the
nanowires. The gate dielectric may include a high-k dielec-
tric material, an oxide-nitride-oxide (ONQO) stack of mate-
rial, or other suitable material, and may be formed by ALD,
PECVD, and/or other suitable deposition processes. Gate
clectrodes are formed over a portion of the gate dielectric.
Gate electrodes and gate dielectrics together comprise gate
regions that are configured to control conductivity of the
channel regions. Gate electrodes may include any suitable
clectrically conductive material and can be formed using a
litho-etch gate first process or a damascene process. Crys-
talline nanowires and gate electrodes are used as bit lines
and word lines, respectively, to form nonvolatile charge-
trapping memory arrays having a cross-bar architecture. As
a result, memory cells of the nonvolatile memory array are
located at the intersections of word lines and bit lines,
allowing the cells to be addressed individually.

Method 900 continues with operation 910, forming inter-
connects that provide electrical connection for the nonvola-
tile memory arrays. Interconnects comprise bit-line inter-
connects and word-line interconnects, and are formed 1n ILD
layers or substrates to provide electrical connections
between the nonvolatile memory array and other circuits and
power supplies. This 3D cross-bar architecture creates a
structure with higher storage density and a smaller footprint
than 2.5 gigabit per square millimeter. Bit-line and word-line
interconnects may be metallic interconnects, such as vias or
conductive wires.

One benefit of embodiments in accordance with this
disclosure 1s that JLFETs 1s created without a need for
thermal processing. All the operations described above,
including bonding seed water 500, removing first substrate
502, etching, forming source/drain and channel regions, and
forming gate dielectric 106 and gate electrode 108, are
performed at low temperatures, which do not cause damage
to device water 510 or the formed waler assembly 520. In
an embodiment, all processing steps are performed at tem-
peratures less than 600° C. Such low temperature processing,
enables the stacking of several layers of such devices, with
the addition of each layer comprising low temperature
processing that does not cause damage to previously formed
device layers.

Another benefit of embodiments 1n accordance with this
disclosure 1s that other processes that require heating and
may be necessary to form doped crystalline semiconductor
layer 504" such as crystallization, 1on implantation, or
annealing, can be performed prior to the bonding and
transferring processes. This prevents devices formed in
underlying layers (e.g., the one or more devices or features
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formed 1n device water 510) from being damaged by the
processing temperatures used in fabricating JLFETs with
crystalline source, drain, and channel regions.

In one embodiment, a method of forming an array of
nonvolatile memory cells provides a substrate having an
upper dielectric layer and a plurality of transistors formed
below the upper dielectric layer. A multi-layer interconnect
1s Tormed above the transistors. The substrate may be a bulk
waler. A doped crystalline semiconductor layer 1s disposed
over the upper dielectric layer and etched to form a plurality
of nanowires that are horizontally-oriented with respect to
the substrate surface. A charge-trapping stack of layers are
formed on the plurality of nanowires. A plurality of gate
clectrodes are formed on the charge-trapping stack of layers.
A first interconnection 1s formed between a first nanowire of
the plurality of nanowires and a first transistor of the
plurality of transistors. A second interconnection 1s formed
between a first gate structure of the plurality of gate struc-
tures and a second transistor of the plurality of transistors.

In another embodiment, a method of forming a JLFET-
based nonvolatile memory provides a substrate having a first
dielectric layer and a plurality of transistors formed below
the first dielectric layer. A multi-layer interconnect 1s formed
above the transistors. A doped crystalline semiconductor
layer 1s disposed on the first dielectric layer and etched to
form a plurality of doped crystalline semiconductor struc-
tures on the first dielectric layer. A plurality of gate struc-
tures are formed on each one of the plurality of doped
crystalline semiconductor structures. A first electrically con-
ductive interconnection 1s formed between a first doped
crystalline semiconductor structure of the plurality of doped
crystalline semiconductor structures and a first transistor of
the plurality of transistors. A second electrically conductive
interconnection 1s formed between a first gate structure of
the plurality of gate structures and a second transistor of the
plurality of transistors. Each gate structure of the plurality of
gate structures includes a gate electrode.

In a further embodiment, a JLFET-based nonvolatile
memory structure includes a substrate having a first dielec-
tric layer, a plurality of transistors disposed below the first
dielectric layer, and a plurality of doped crystalline semi-
conductor structures on the first dielectric layer. The JLFET-
based nonvolatile memory structure further includes a multi-
layer interconnect above the transistors and a plurality of
gate structures on each one of the plurality of doped crys-
talline semiconductor structures. The structure further
includes a first interconnect electrically coupled between a
first one of the plurality of doped crystalline semiconductor
structures and a first transistor of the plurality of transistors,
and a second interconnect electrically coupled between a
first gate structure of the plurality of gate structures and a
second transistor of the plurality of transistors.

It 1s to be appreciated that the Detailed Description
section, and not the Summary or Abstract of the Disclosure
sections, 1s intended to be used to interpret the claims. The
Summary and Abstract of the Disclosure sections may set
forth one or more but not all exemplary embodiments
contemplated and thus, are not intended to be limiting to the
subjoined claims.

The foregoing disclosure outlines features of several
embodiments so that those skilled in the art may better
understand the aspects of the present disclosure. Those
skilled 1n the art will appreciate that they may readily use the
present disclosure as a basis for desigming or modifying
other processes and structures for carrying out the same
purposes and/or achieving the same advantages of the
embodiments introduced herein. Those skilled in the art will
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also realize that such equivalent constructions do not depart
from the spirit and scope of the present disclosure, and that
they may make various changes, substitutions, and altera-
tions herein without departing from the spirit and scope of
the subjoined claims.

What 1s claimed 1s:

1. A method of forming an array of nonvolatile memory
cells, comprising:

providing a substrate having an upper dielectric layer and

a plurality of transistors disposed below the upper
dielectric layer;

forming a multi-layer interconnect above the plurality of

transistors:

forming a doped crystalline semiconductor layer;

disposing the doped crystalline semiconductor layer over

the upper dielectric layer;

ctching the doped crystalline semiconductor layer to form

a plurality of nanowires that are horizontally-oriented
with respect to a surface of the substrate;

forming a charge-trapping stack of layers on the plurality

of nanowires;

forming a plurality of gate electrodes on the charge-

trapping stack of layers;

forming a first interconnection between a first nanowire of

the plurality of nanowires and a first transistor of the
plurality of transistors; and

forming a second interconnection between a first gate

clectrode of the plurality of gate electrodes and a
second transistor of the plurality of transistors;
wherein the substrate 1s a bulk water.

2. The method of claam 1, wheremn forming the doped
crystalline semiconductor layer comprises epitaxially grow-
ing a semiconductor layer.

3. The method of claim 2, wherein epitaxially growing the
semiconductor layer comprises epitaxially growing silicon.

4. The method of claim 2, wherein epitaxially growing the
semiconductor layer comprises epitaxially growing silicon
germanium.

5. The method of claim 1, further comprising implanting,
at least one dopant species mto a semiconductor layer to
form the doped crystalline semiconductor layer prior to
disposing the doped crystalline semiconductor layer over the
upper dielectric.

6. The method of claim 1, wherein the doped crystalline
semiconductor layer 1s n-doped to a doping concentration 1n
a range of 5x10'® atoms/cm” to 5x10'” atoms/cm”.

7. The method of claim 1, wherein the doped crystalline
semiconductor layer 1s p-doped to a doping concentration 1n
a range of 5x10"® atoms/cm” to 5x10"” atoms/cm”.

8. The method of claam 1, wherein forming the first
interconnection comprises etching a first opening through
the upper dielectric layer, and forming the second 1ntercon-
nection comprises etching a second opening through the
upper dielectric layer.

9. The method of claim 1, wherein forming the charge-
trapping stack of layers comprises depositing a first oxide
layer on each nanowire of the plurality of nanowires;
depositing a mtride layer on the first oxide layer; and
depositing a second oxide layer on the mitride layer.

10. The method of claim 1, wherein the plurality of gate
clectrodes are arranged 1n a plurality of rows that are
horizontally-oriented with respect to the substrate surface
and perpendicularly-oriented with respect to the plurality of
nanowiIres.

11. A method of forming a junctionless field eflect tran-
sistor (JLFET)-based nonvolatile memory, comprising:
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providing a substrate having a first dielectric layer and a
plurality of transistors disposed below the first dielec-
tric layer;

forming a multi-layer interconnect above the plurality of
transistors;

disposing a doped crystalline semiconductor layer on the

first dielectric layer;

ctching the doped crystalline semiconductor layer to form
a plurality of doped crystalline semiconductor struc-
tures on the first dielectric layer;

forming a plurality of gate structures on each one of the
plurality of doped crystalline semiconductor structures;

forming a first electrically conductive interconnection
between a first doped crystalline semiconductor struc-
ture of the plurality of doped crystalline semiconductor
structures and a first transistor of the plurality of
transistors; and

forming a second electrically conductive interconnection
between a first gate structure of the plurality of gate
structures and a second transistor of the plurality of
transistors:

wherein each gate structure of the plurality of gate struc-
tures ncludes a gate electrode.

12. The method of claim 11, wherein the doped crystalline
semiconductor layer 1s n-doped to a doping concentration 1n
a range of 5x10"® atoms/cm” to 5x10"” atoms/cm”.

13. The method of claim 11, wherein the doped crystalline
semiconductor layer 1s p-doped to a doping concentration 1n
a range of 5x10'® atoms/cm” to 5x10'” atoms/cm”.

14. The method of claim 11, wherein forming the plurality
of gate structures comprises depositing an oxide-nitride-
oxide charge-trapping stack over the plurality of doped
crystalline semiconductor structures.

15. The method of claim 14, wherein forming the plurality
ol gate structures further comprises depositing a gate elec-
trode layer; and patterning the gate electrode layer.

16. A junctionless field effect transistor (JLFET)-based
nonvolatile memory structure, comprising:

a substrate having a first dielectric layer and a plurality of

transistors disposed below the first dielectric layer;

a multi-layer mterconnect above the plurality of transis-
tors;

a plurality of doped crystalline semiconductor structures
on the first dielectric layer;

a plurality of gate structures on each one of the plurality
of doped crystalline semiconductor structures;

a first interconnect electrically coupled between a first one
of the plurality of doped crystalline semiconductor
structures and a first transistor of the plurality of
transistors; and

a second interconnect electrically coupled between a first
gate structure of the plurality of gate structures and a
second transistor of the plurality of transistors.

17. The JLFET-based nonvolatile memory structure of
claim 16, wherein the plurality of doped crystalline semi-
conductor structures are n-doped crystalline silicon having a
doping concentration in a range of 5x10'® atoms/cm” to
5x10'” atoms/cm”.

18. The JLFET-based nonvolatile memory structure of
claim 16, wherein the plurality of doped crystalline semi-
conductor structures are p-doped crystalline silicon having a
doping concentration in a range of 5x10'® atoms/cm’ to
5x10" atoms/cm” atoms/cm”.

19. The JLFET-based nonvolatile memory structure of
claim 16, wherein a first gate structure of the plurality of gate
structures comprises a charge-trapping gate dielectric stack,
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and further comprises an electrically conductive gate elec-
trode on the charge-trapping gate dielectric stack.

20. The JLFET-based nonvolatile memory structure of
claim 19, wherein the plurality of doped crystalline semi-
conductor structures are arranged 1n a plurality of columns 5

and the plurality of gate structures are arranged 1n a plurality
of rows.
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INVENTORC(S) . Colinge et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

In Column 12, Line 37, replace “layer; and” with --layer and--.

In Column 12, Line 64, replace “atoms/cm’ atoms/cm’”” with --atoms/cm’--.

Signed and Sealed this
T'wenty-seventh Day of March, 2018

Andre1 Iancu
Director of the United States Patent and Trademark Office
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